and urea. The material exhibited significant absorption in the visible range with a much narrow band gap (2.68 eV). This could be attributed to structural defects confirmed by diffuse reflectance spectroscopy (DRS), photoluminescence (PL), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) measurements. FT-IR, TGA, DTA, DSC, HR-TEM and SEM-EDX measurements yielded information about structural aspects, thermal stability and surface morphology. Surface and pore characteristics of the material were obtained from BET isotherm for N 2 adsorption at 77 K. Zeta potential measurements were used to characterize electrical properties of the surface while XPS revealed changes in surface states and oxygen deficiencies. The material was found to be an excellent photocatalyst for degradation of aqueous methylene blue in visible light.
Introduction
Layered double hydroxides (LDHs), a class of anionic clays, have attracted considerable interest mainly because of their unique structure with variable metal cations as layer constituents as well as different exchangeable anions in galleries. They are widely used as polymer fillers [1] [2] [3] and novel materials with magnetic, [4] [5] [6] catalytic and photochemical functions. 7, 8 The variability of layered hydroxides arises from a combination of inorganic hydroxide layers with properties contributed by the host anions intercalated between these layers. Ultrathin nanosheets, prepared by delamination of layered hydroxides, have attracted attention due to the extremely small thickness of the order of 1 nm and large lateral size of the order of micrometers.
Comparatively easy preparation, stability in air, interchangeable anions and incorporable host layers have made the LDH an excellent precursor to develop novel photo-functional materials. 9 The general formula of these materials is given as Ti containing LDHs have received much attention for their potential application in removal of toxic substances from industrial wastewater. The present work investigates the role of Ni/Ti LDH in photocatalytic degradation of a common dye, Methylene blue, having uses in printing, textile, and photographic industries. 8, 10 The dye is known to cause irritation of skin, eyes and respiratory tract and reportedly possesses carcinogenicity, reproductive and developmental toxicity, neuro-and chronic toxicity towards humans and animals. 11, 12 It is therefore important to eliminate this and similar other dyes from water so that they do not foul natural water resources.
Experimental section

Materials
All the chemicals were of analytical grade and were used without further purification.
Ni(NO 3 ) 2 .6H 2 O, TiCl 4 , urea, ZnO, NiO, ZnS, Degussa P25, 2Na-EDTA, n-butanol, benzoquinone and methylene blue were purchased from Merck Chemicals, USA.
Deionized water (conductivity < 0.15 mS cm -1 ) was used throughout the experiments.
Catalyst synthesis
Ni(NO 3 ) 2 .6H 2 O, TiCl 4 as well as urea were used to prepare a hydrotalcite-like material by a co-precipitation method from homogenous solution. In a typical synthesis, 11.738 g of Ni(NO 3 ) 2 .6H 2 O, 1.1 ml TiCl 4 and 3.0 g of urea were dissolved in 100 ml deionised water at room temperature and stirred vigorously for 2 h. The resulting mixture was aged in Teflon lined autoclave at 130 0 C for 48 h and the green crystalline product was centrifuged, washed three times with water and dried. This product was denoted as 2:1
Ni/Ti-LDH. The synthesis is schematically illustrated in Fig. 1 . 
Preparation of dye solution
A stock solution of the dye, Methylene blue (MB) (Fig. 2) spectrometer (Hitachi F-2500 FL spectrophotometer) with a xenon lamp as the excitation source. The absorption spectra in the photodegradation process were monitored with a Shimadzu 1800 UV-Vis spectrometer.
Photocatalytic reactions
The photocatalytic reactor ( experiments, the reactants were vigorously stirred for 30 min in the dark to establish an adsorption/desorption equilibrium between the catalyst and the dye, followed by exposure to visible-light irradiation. 10 ml aliquots were taken out at 15 min intervals, centrifuged to remove solid catalyst particles and the centrifugate was analyzed for the unconverted dye using a Shimadzu UV-1800 spectrophotometer at λ max of 664 nm. 
XRD analysis
The powder X-ray diffraction pattern of the LDH (Fig. 4) 
FT-IR analysis
The FT-IR spectrum recorded at room temperature showed the characteristic frequencies associated with the layered structure of the LDH materials (Fig. 5 ). All the key bands resemble those exhibited by hydrotalcite-like phase with CO 3 2-as counter
anion. An intense broad strong absorption band centered at 3450 cm −1 is attributed to the stretching vibrations of surface and interlayer water molecules and hydroxyl groups usually observed at lower frequency in the LDH rather than in the OH stretching vibration in free water at 3600 cm −1 . This is related to the formation of hydrogen bonds of interlayer water with guest anions as well as with hydroxide groups of layers 1 . The broad band at 3141 cm -1 accompanied by a shoulder at near at 3023 cm -1 can be assigned to the hydrogen bonding between water and carbonate in the interlayer. The band at 1605 cm −1 is assigned to the bending vibration of water molecules. 
Thermogravimetric analysis
The thermogravimetric analysis (TGA) of Ni/Ti LDH ( 
HR-TEM analysis
The morphology of the synthesized Ni/Ti LDH was investigated by cross-sectional high-resolution transmission electron microscopy (HR-TEM) indicated in Fig 
SEM/EDX analysis
The SEM image of the Ni/Ti LDH ( In order to estimate the elemental composition of Ni/Ti LDH, the elemental analysis was done using energy-dispersive X-ray spectroscopy (EDX) (Fig. 8 ). However, no role of Cl in the Ni/Ti LDH formation is envisaged. 
XPS analysis
The surface characterization of 2:1 Ni/Ti LDH was performed by XPS. Fig. 10-16 shows In the high resolution O1s spectrum region, two peaks O I and O II are observed representing two different kinds of surface oxygen species (Fig.12. ). This is found to be in agreement between the literature and the present results that the O I with the lower BE around 529.6 eV is the characteristic of lattice oxygen bound to metal cations of the structure, while O II with the higher BE around 530.8 eV most likely belongs to surface oxygen, including mainly the oxygen species of hydroxyl groups 22 .
The high resolution XPS spectrum of Ti2p (Fig. 13) [21] [22] [23] [24] . This surface reduction indicates the presence of negatively charged oxygen vacancies in the surface region, the negative charge being shared by titanium cations adjacent to the defect sites.
The high resolution N1s region (Fig. 14) shows the existence of two peaks at binding energies 403 eV and 405 eV respectively. The binding energy of the N1s line is very sensitive to the chemical environment of the nitrogen atom and it varies from 396 eV to 408eV 25 . The 403 eV peak is associated to terminally bonded well screened molecular nitrogen (γ-N 2 ), and the 405 eV peak is due to terminally bonded poorly screened molecular nitrogen (γ-N 2 ). Thus the spectroscopic features of the N1s XPS spectra showed striking similarity with the chemisorbed states of nitrogen as discussed in the previous literature 26 . Meanwhile, the small peak at 407.2 eV corresponds to NO 3 -present as impurity on the surface due to the use of nickel nitrate for synthesizing the Ni/Ti LDH [26] [27] .
On comparison of the binding energy positions of the carbon components of previous studies with the high resolution C1s spectrum of the synthesized LDH, (Fig.   15 ) it is assigned that the peak at binding energy of 289.2 eV is due to the presence of CO 3 2-species in the interlayer gallery of LDH. The identification of C and N peaks in the XPS spectra is due to the use of urea as template in the hydrothermal synthesis. 
Optical properties
The diffuse reflectance UV-vis analysis (Fig. 17) was carried out to investigate the nature and coordination state of nickel and titanium incorporated in the layered framework. The hump at ~ 250 nm can be attributed to transitions. The strong absorption band in the region of 325 nm, which can be assigned to typical in Ni(II) coordinated to the CO 3 2-gallery 1, 9 . Meanwhile, a broad absorption band from ~ 400-700 nm is observed with maxima at ~ 550 nm indicating the presence of Ti 4+ in the brucite like sheets. The broad nature of absorption at ~550 nm could be ascribed to supramolecular guest-guest (hydrogen bonding and van der Waals forces) or guest-host interactions (electrostatic attraction, hydrogen bonding and van der Waals forces). In case of the layered materials, the UV spectrum shows an overall broadening and a red shift is observed due to higher aggregate formation [28] [29] [30] .
i) Comparative UV-VIS DRS analysis
The solid UV-vis DRS spectra measured at room temperature for the synthesized 2:1 Ni/Ti LDH and commercial catalysts like ZnO, ZnS, TiO 2 and Degussa P25 are shown in Fig.18 . All of them showed strong absorbance ~270-460 nm. However, the synthesized LDH exhibits stronger absorption band from ~400-700 nm, which is not observed in any the commercial catalysts. The stronger absorbance in the visible region of the electromagnetic spectrum makes 2:1 Ni/Ti LDH, a potential candidate for degradation of dyestuffs under visible light than that of the commercial catalysts like ZnO, ZnS, TiO 2 and Degussa P25.
ii) Band gap calculation
UV-vis absorption measurement is a convenient and effective method for explaining the band structure of semiconductor materials. For a better understanding of the semiconducting properties of Ni/Ti LDH, the band gap of the 2:1 Ni/Ti LDH and that of some commercial catalysts were measured from solid UV-VIS diffuse reflectance study (Fig. 19 ) using the following classical Tauc approach 17 .
where, E g represents the optical band gap, E p is the photon energy, K is a constant and n depends on the nature of the transition. In fact, n assumes a value of 1/2, 3/2, 2, and 3
for direct allowed, direct forbidden, indirect allowed and indirect forbidden transitions respectively. In this case of 2:1 Ni/Ti LDH, the best fit of (aE p ) 2 8 . Moreover, the red shift in the UV-visible absorption spectrum of the Ni/Ti LDH is attributed to the narrow band gap. This suggests that pairs can be generated, even though the particle is irradiated with long wavelength-visible light 8, 31 .
The decrease of band gap can be due to the localized gap states induced by Ti 3+ . The decrease in band gap has also been attributed to oxygen vacancies, which are responsible for its unique properties in photocatalytic applications. Thus, Ni/Ti LDH material is expected to show more activity in the visible region of the electromagnetic spectrum and hence was used for dye degradation under visible light. 
Zeta potential measurements
The change in the surface charge of the aqueous LDH was monitored by using zeta potential measurements in aqueous media ( that Ti incorporated photocatalytic systems shows significant excitonic PL emissions resulting from the surface defects that strongly influences photocatalytic activities. The synthesized LDH material showed good PL emission intensities which is attributed to the presence of either oxygen vacancies and/or defects in the LDH material that leads to a significant increase in its optical properties. Oxygen vacancies and defects were reported to bind the photo-induced electrons easily to form excitons, so that the PL signal can occur easily. Therefore, the PL signal is found to increase with the increasing content of oxygen vacancies or defects [33] [34] . It is seen that upon excitation of the LDH at 350 nm, several excitonic PL emission bands are observed at ~389 nm, 442 nm and a broad band at ~495 nm which is accompanied by a valley extending upto 630 nm respectively, results from the surface oxygen vacancies and defects of the sample. This observation is in accordance with the UV-vis DRS observations and a number of earlier reports [27] [28] [29] [30] . Thus, the surface states and inner structures of Ni/Ti LDH is likely to play a vital role on its photocatalytic activities. (Fig. 22) . In addition, the solution colour changed from an initial blue to nearly transparent at the end of the degradation. The enhanced photocatalytic activity of the synthesized Ni/Ti LDH, compared to ZnO, ZnS, TiO 2 , NiO and Degussa P25 can be explained by the presence of high surface area, defects, oxygen vacancies and Ti 3+ centers associated within the layered brucite like structure as supported by BET, DRS, PL and XPS analyses 15, 23 , 34, 35 . Blank reactions (without catalyst) as well as dark reactions (in dark) were also performed under the same experimental conditions.
Negligible degradation of MB was observed in the absence of the photocatalyst or visible light irradiation, which indicates that visible light plays a vital role in the photodegradation process.
i) Effect of photocatalyst dose
The influence of catalyst amount on decolorization of MB under visible light using 2:1 Ni/Ti LDH catalyst was studied by varying the amount of catalyst between 5.0 mg to 20 mg at 1 x 10 -6 M (=0.3198 mg L -1 ) MB concentration (Fig. 23) . The results showed that on increasing the amount of catalyst from 5 to 20 mg in 200 ml of aqueous MB, an increase in decolorization efficiency was observed from 66% to 99.8% respectively.
The increase in decolorization efficiency with increasing amount of catalyst dose in the reaction resulted from an increase in the available surface area or the active sites of the catalyst. However, the decrease in the degradation efficiency on increasing the catalyst load further to 0.1 gL −1 could be attributed to deactivation of activated molecules by collision with ground state molecules of the catalyst. Following this observation, the catalyst amount was kept to the value of 15 mg in subsequent photocatalytic degradation experiments for obtaining maximum degradation efficiency. MB concentration= 1x10
ii) Effect of pH
The pH of the dye solution is an important parameter which controls the rate of degradation. In order to study the effect of pH, the degradation experiments were carried out using 15 mg; 1x10 -6 M (=0.3198 mg L -1 ) MB solution (Fig. 24) within the pH range of 5.0 to 11.0 by addition of either HCl or NaOH (0.1 M). The relationship C/C 0 of aqueous MB was observed by varying pH and is presented in Fig. 24 . When the pH of the solution was increased from 5.0 to 6.0, the removal of MB increased from 36% to 41%. The maximum MB degradation of ~ 99.8 % was observed at pH 11.0, which is found to be in good agreement with the previous studies 31, 33 . The pH determines the surface charge on the catalyst surface. The degradation efficiency was found to be low in the acidic media. This is because at low pH, the H + ion was considered to be a competitor to MB for adsorption sites on the surface of the catalyst.
Moreover, as evident from the zeta potential results, the surface of the LDH was also positively charged at low pH values which created electrostatic repulsion with the dye molecules. As a result, the degradation of MB could not be enhanced to a greater extent.
However, in alkaline medium, at pH higher than that of zpc, the catalyst surface attain negative zeta potential values and were electrostatically attracted to the MB molecules having electropositive charge which lead to the increase the degradation efficiency. 
iv) Catalyst recyclability and photostability
After each reaction run, the catalyst was separated from the reaction system and its reusability was also investigated carefully. The catalyst was washed three times with water, dried and reused. The degree of MB degradation for the first cycle was ~99.8%
( Fig. 26) . Although the degradation ability of the catalyst declined to ~ 92%, 88%, 86%
and 80% respectively for second, third, fourth and fifth cycles when they were reused again, the degradation rate still could amount to 80% after repeating fifth catalytic procedure, suggesting that the synthesized LDH is a potential recyclable candidate for dye degradation purposes.
In order to understand the photostability of the Ni/Ti LDH, the FT-IR analysis of the synthesized 2:1 Ni/Ti LDH and that recovered at the end of the fifth cycle of MB degradation was performed (Fig. 27) . The presence of all the characteristic IR-bands in the same position, with some minor changes in the fingerprint region, after the fifth catalytic cycle indicated that the catalyst is of excellent stability under visible light irradiation 8, [32] [33] [34] . 
vi) Kinetics of photodegradation
The kinetics of photodegradation of aqueous methylene blue was studied under optimum conditions (pH=11; catalyst dose=0.075 gL -1 ; MB concentration=1x10 -6 M) to understand the reaction characteristics of MB on Ni/Ti-LDH material. The linear relationship between ln (C 0 /C) versus irradiation time (Fig. 29) suggests that the degradation of MB by the LDH photocatalyst follows pseudo first-order kinetics, which can be represented by the following equation:
where C 0 is the initial concentration of the MB and C is the concentration at time t. The apparent rate constant k was calculated to be 0.0276 min −1 and half-life (t 1/2 ) of the sample was found to be 25.11 min, which was calculated from k by using the equation:
As a result, the photodegradation kinetics fitted well with the pseudo first-order model, indicating that the reaction rate is dependent on the light intensity and absorption performance of the catalyst 2, 16 . Moreover, the blank reactions done under the same set of experimental conditions without the catalyst showed ∼15 % adsorption, as evident from the C/C 0 plot against time, is attributed to the effect of the visible light exposure on adsorption of the dye.
However, the control experiments performed in the dark revealed ∼ 23% adsorption as evident from the C/C 0 plot against time, indicating that visible light plays a major role in the degradation of aqueous methylene blue. The layered structure of the photocatalyst further assists in the electron-hole hopping conduction model. The XPS and the PL measurements suggest that Ni and Ti in the LDH are present in a number of oxidation states, accompanied by oxygen vacancies.
The DRS band at ~ 400-700 nm (with maximum at ~550 nm) indicates the presence of Ti 4+ in brucite like sheets. The broad nature of absorption at ~550 nm could be ascribed to a supramolecular guest-guest (hydrogen bonding and van der Waals forces) or guesthost interactions (electrostatic attraction, hydrogen bonding and van der Waals forces).
The PL analysis indicate the presence of defects because on exciting the LDH at 350 nm, several excitonic PL emission bands are observed at ~389 nm, 442 nm and a broad band at ~495 nm accompanied by a valley extending up to 630 nm. These might have resulted from the surface oxygen vacancies and defects in the sample. On the basis of these data and the indirect trapping experiments, the mechanism of the photodegradation process has been presented in the form of an electron-hole hopping conduction model.
Conclusions
In summary, Ni/Ti-LDH on urea substrate played a promising role as a semiconductor photocatalyst in which Ti atoms were dispersed homogeneously in the LDH lattice. The as-synthesized 2:1 Ni/Ti-LDH has been found to exhibit remarkable photocatalytic activity for the degradation of aqueous methylene blue under visible light in comparison to that of some important commercial photocatalysts like ZnO, ZnS, TiO 2 and Degussa P25, due to its high specific surface area, porous structure, lower band gap, different surface states of Ni and Ti in the layered framework and presence of defects, as confirmed by BET/BJH, DRS, XPS and PL observations. The photocatalytic activity improved in alkaline media particularly at pH 11, due to the electrostatic attractions between oppositely charged MB molecules and negatively charged Ni/Ti LDH catalyst in accordance to the zeta potential results. The FT-IR analysis of the control experiments carried out in the dark and blank reactions (without catalyst) with aqueous methylene blue showed adsorption, whereas degradation and decolorization of the dye marked the end of the reaction with the 2:1 Ni/Ti LDH photocatalyst under visible light.
However, the catalyst retained its activity after five cycles of MB degradation and the FT-IR analysis of the catalyst before and at the end of the fifth cycle showed excellent photostability. The pseudo-first-order model satisfactorily described the photocatalytic reaction kinetics. The strategy of applying urea solution as basic precipitant and adding homogeneously dispersed Ti atoms can be extendable to other transition metal-based oxide/hydroxide thin films to enhance their semiconducting properties. Therefore, it is expected that the Ni/Ti LDH in this work can be potentially used as an effective and recyclable visible-light photocatalyst for large scale environmental wastewater treatment.
